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11 ABSTRACT: Hydrolytic cleavage of 4-nitrophenyl phosphate
12 (NPP), a commonly used DNA model substrate, was
13 examined in the presence of series of lanthanide-substituted
14 Keggin-type polyoxometalates (POMs) [Me2NH2]11-
15 [CeIII(PW11O39)2], [Me2NH2]10[Ce
IV(PW11O39)2] (abbrevi-
16 ated as (CeIV(PW11)2), and K4[EuPW11O39] by means of
17 NMR and luminescence spectroscopies and density functional
18 theory (DFT) calculations. Among the examined complexes,
19 the Ce(IV)-substituted Keggin POM (CeIV(PW11)2) showed
20 the highest reactivity, and its aqueous speciation was fully
21 determined under diﬀerent conditions of pD, temperature,
22 concentration, and ionic strength by means of 31P and 31P
23 diﬀusion-ordered NMR spectroscopy. The cleavage of the
24 phosphoester bond of NPP in the presence of (CeIV(PW11)2) proceeded with an observed rate constant kobs = (5.31 ± 0.06) ×
25 10−6 s−1 at pD 6.4 and 50 °C. The pD dependence of NPP hydrolysis exhibits a bell-shaped proﬁle, with the fastest rate observed
26 at pD 6.4. The formation constant (Kf = 127 M
−1) and catalytic rate constant (kc = 19.41 × 10
−5 s−1) for the NPP-Ce(IV)-
27 Keggin POM complex were calculated, and binding between CeIV(PW11)2 and the phosphate group of NPP was also evidenced
28 by the change of the chemical shift of the 31P nucleus in NPP upon addition of the POM complex. DFT calculations revealed
29 that binding of NPP to the parent catalyst CeIV(PW11)2 is thermodynamically unlikely. On the contrary, formation of complexes
30 with the monomeric 1:1 species, CeIVPW11, is considered to be more favorable, and the most stable complex,
31 [CeIVPW11(H2O)2(NPP-κO)2]
7−, was found to involve two NPP ligands coordinated to the CeIVcenter of CeIVPW11 in the
32 monodentate fashion. The formation of such species is considered to be responsible for the hydrolytic activity of CeIV(PW11)2
33 toward phosphomonoesters. On the basis of these ﬁndings a principle mechanism for the hydrolysis of NPP by the POM is
34 proposed.
35 ■ INTRODUCTION
36 Polyoxometalates (POMs) are oxygen anion clusters of early
37 transition metals (M = V, Nb, Ta, Mo, and W) in their highest
38 oxidation state.1 They have been known for almost 200 years,
39 since Berzelius discovered the ﬁrst heteropolyanion compound
40 in 1826.2 In general, POMs consist of MOn units, where n (n =
41 4−7) indicates the coordination number of M. Apart from M
42 and O, other elements, which are usually labeled as X, can be
43 part of the POM framework. As a general rule, they are fourfold
44 or sixfold coordinated and can be found in the center of the
45 MxOy shell.
1c,3 The chemically robust nature of POMs, together
46 with their highly tunable physicochemical properties such as
47 acidity, thermal stability, redox potential, solubility, size, shape,
48 and charge, resulted in their application in material science,4
49 magnetism,5 and catalysis.6 In addition, several classes of POMs
50have been reported to have potent antitumor, antiviral, and
51antibacterial properties, resulting in a substantial interest in the
52potential medicinal application of POMs.
7 To gain deeper
53insight into their biological activity, we recently examined the
54reactivity of POMs toward a range of diﬀerent biologically
55relevant molecules and their model systems. The incorporation
56of diﬀerent transition metal ions with high Lewis acidity into
57heteropolyoxometalates of the Keggin, Wells−Dawson, and
58Lindqvist type resulted in catalysts that also displayed reactivity
59toward hydrolysis of phosphoesters
8 and peptide bonds in
60peptides and proteins.9 The Lewis acidic POMs have been also
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61 used in the past for the transformations of various organic
62 substrates.10
63 Phosphoester bonds form the backbone of DNA and RNA
64 macromolecules and are extremely resistant toward hydrolysis,
65 primarily because of the repulsion between the negatively
66 charged backbone and potential nucleophiles.11 The half-life for
67 phosphoester bond hydrolysis has been estimated to be
68 ∼100 000 years for DNA and 4 years for RNA at neutral pH
69 and 25 °C, in the absence of any catalyst.12 This stability makes
70 them excellent systems for information storage.13 Despite the
71 extreme stability of the phosphoester bond, its eﬃcient cleavage
72 is a frequently required procedure in biochemical ﬁelds. In
73 nature, phosphatases, a class of enzymes that contains one or
74 more metal ions at the active sites, are responsible for
75 hydrolyzing phosphoester bonds with impressive rate enhance-
76 ments.14
77 Recently, we reported on the reactivity of early transition
78 metal (Zr(IV) and Hf(IV) substituted Wells−Dawson POMs
79 toward 4-nitrophenylphosphate (NPP) and bis(4-nitrophenyl)-
80 phosphate (BNPP),8a revealing that these POMs are able to
81 hydrolyze phosphoester bonds in commonly used DNA model
82 systems. Previous work has shown that due to their high charge
83 density, high coordination number, as well as rapid ligand
84 exchange rates, lanthanide(III) ions are very suitable for
85 designing artiﬁcial phosphoesterases. The high reactivity of
86 several lanthanide(III) complexes was demonstrated toward
87 NPP,15 BNPP,15,16 2-hydroxypropyl 4-nitrophenyl phospha-
88 te,16b 4-nitrophenyl diphenyl phosphate,16b DNA, and
89 RNA,11b,17 demonstraing that lanthanide(III) ions exhibit
90 high aﬃnity for phosphoester bond hydrolysis.16a,18 In addition,
91 in the lanthanide series Ce(IV) ions have been shown to be the
92 most active toward DNA hydrolysis, presumably due to its high
93 electron-withdrawing activity, high Lewis acidity, high coordi-
94 nation number (up to 12), and fast ligand exchange rate.19
95 However, aqueous solutions of Ce(IV) ions are subject to
96 solubility problems at pH > 4, resulting in polymeric metal-
97 hydroxo precipitates. This problem considerably hinders
98 kinetics studies and their application. Therefore, attempts to
99 stabilize Ce(IV) ions by complexation with strong anionic
100 ligands have been made.20 More recently, we discovered that a
101 Ce ( IV) - sub s t i t u t ed Kegg in POM [Me2NH2] 1 1 -
102 [CeIV(PW11O39)2], (Ce
IV(PW11)2), in which the Keggin moiety
103 was used as a chelating agent for Ce(IV), promotes selective
104 peptide bond hydrolysis of hen egg-white lysozyme at
105 physiological pH and temperature and therefore can be
106 regarded as artiﬁcial metalloprotease that operates under mild
107 conditions.21
108 This result encouraged us to explore the reactivity of
109 CeIV(PW11)2 toward phosphoester bond hydrolysis in bio-
110 logically relevant model substrates with the aim to assess the
111 potential phosphoesterase properties of the lanthanide-
112 substituted POMs. For this purpose we choose NPP, which
113 is a commonly used model substrate for biological
114 phosphoesters. In addition, the aqueous solution behavior of
115 CeIV(PW11)2 was studied by means of
31P and 31P diﬀusion-
116 ordered NMR spectroscopy (DOSY). The reactivity of
117 CeIV(PW11)2 was compared to two structurally analogous
118 metal-substituted POMs, which contain Ce(III) and Eu(III)
119 imbedded into the Keggin POM skeleton. To underpin the
120 experimental ﬁndings and to elucidate the nature of the
121 hydrolytically active species, the binding properties of NPP to
122 CeIV(PW11)2 and to its dissociation product Ce
IVPW11 were
123 theoretically investigated by means of density functional theory
124(DFT). In view of our previous reports (both on
125phosphodiester and peptide bond hydrolysis) where isopolyox-
126ometalates or Zr-containing POMs were used as hydrolytic
127agents, this work demonstrates the ﬁrst example of a
128phosphoesterase activity of a lanthanide-containing POM,
129namely, a Ce(IV)-containing Keggin-type POM, toward
130biological model systems. Unlike Zr(IV), Ce(IV) is prone to
131oxido/reduction chemistry, which opens the possibility to
132explore the eﬀect of metal oxidation state on the hydrolytic
133activity by comparing activity of Ce(III) and Ce(IV) POMs, an
134approach that was not and could not be done with Zr(IV)-
135POMs. In addition to that, Zr(IV) and Ce(IV) have very
136diﬀerent coordination chemistry, with Ce(IV) having poten-
137tially coordination number (CN) of 12, while Zr has typically
138CN = 8. We anticipated that this could have profound eﬀect on
139the catalytic performance, as it can allow for multiple
140coordination of the substrate to the catalyst. This was
141conﬁrmed by in-depth DFT calculations, which are not
142routinely done in polyoxometalate chemistry due to the large
143size and complexity of the metal cluster.
144■ RESULTS AND DISCUSSION
145Structure of Polyoxometalates and the Aqueous
146Solution Behavior of (CeIV(PW11)2. The lanthanide-sub-
147stituted Keggin POMs can adopt diﬀerent structures. The 1:2
148form (Ln(PW11)2) in which the metal ion is sandwiched
149 f1between two monolacunary α-Keggin POMs (Figure 1) has
150been proven by single-crystal X-ray diﬀraction for all three
151POMs under investigation in this study (Ln = CeIII, CeIV, and
152EuIII).22 However, the 1:1 form (LnPW11), composed of Ln
153cation coordinated to one monolacunary α-Keggin POM, has
154been fully characterized by X-ray crystallography only for
155Eu(III)-substituted POM (EuPW11) shown in (Figure 1b).
156The Ce(IV)-substituted Keggin-type POM was synthesized
157according to a procedure described in literature.22a,23 Both
158NMR and X-ray analysis22a conﬁrmed the 1:2 (CeIV(PW11)2)
159nature of the POM. However, the existence of a 1:1 species
160CeIVPW11, with structure analogous to Eu
IIIPW11 shown in
161Figure 1b, has been also suggested in literature.24 The previous
162work suggested that when CeIV(PW11)2 is dissolved in D2O, an
163equilibrium is formed between the 1:2 species (31P chemical
164shift: −13.24 ppm)25 and the 1:1 monomer (31P chemical shift:
165 s1−12.79 ppm)24a (Scheme 1). The distribution of these species
166is dependent on pD, concentration, temperature, and time.
Figure 1. Structures of (a) the 1:2 dimeric lanthanide-substituted
Keggin POMs CeIII(PW11)2, Ce
IV(PW11)2, and Eu
III(PW11)2
22,23 and
(b) the Eu(III)-substituted 1:1 monomer Keggin POM.23b Ce(III)/
Ce(IV)/Eu(III) are represented by green ball. The WO6 groups are
represented by sea-green octahedra, the internal PO4 groups are
represented by orange tetrahedra, and coordinated H2O molecules are
represented by red balls.
Inorganic Chemistry Article
DOI: 10.1021/acs.inorgchem.6b01802
Inorg. Chem. XXXX, XXX, XXX−XXX
B
167 Since the maximal coordination number of Ce(IV) is 12,26 the
168 maximal free coordination sites available for complexation with
169 the substrate of the 1:2 and 1:1 structure are most likely four
170 and eight, respectively. However, in 1:2 species, the Ce(IV)
171 center at which the substrate activation occurs is sterically
172 hindered, because it is sandwiched between the two
173 monolacunary Keggin ligands, while in the 1:1 species the
174 Ce(IV) is more accessible for interaction with the substrate.
175 Therefore, understanding the solution speciation of
176 (CeIV(PW11)2) under diﬀerent conditions such as pH,
177 concentration, temperature, and time is essential for under-
178 standing its catalytic activity. In addition, previous work with
179 lanthanide27 POMs has shown that oxidation state of the
180 lanthanide ion has signiﬁcant eﬀect on the speciation and
181 stability of the POM species.
182 To examine the eﬀect of pD on the presence of the 1:1 and
183 1:2 types of structures of CeIV(PW11)2 in aqueous solution,
31P
184 NMR spectra of 1.0 mM of CeIV(PW11)2 in D2O were recorded
185 in the pD range from 0.9 to 10.4. As can be seen from Figure
186 S1, only the 1:2 species (−13.24 ppm) was present from pD 3.4
187 to pD 10.4. Only at very low pH values (pD 0.9−2.4), the
188 appearance of the 1:1 complex could be clearly detected at
189 −12.79 ppm. In this range of pD the highest intensity of 1:1
190 complex was seen at pD 0.9. As can be seen from Scheme 1, an
191 equivalent 0:1 species will be generated together with a 1:1
192 species. However, the expected signal of this monolacunary
193 POM is not visible in some 31P NMR spectra. This observation
194 can be explained by the fact that this monolacunary species is
195 possibly disintegrated to phosphate at ∼0 ppm and another
196 spieces at −12.39 ppm. To increase the resolution of all signals,
197 we measured 31P NMR for 1.0 mM of CeIV(PW11)2 in this
198 range of pD without reference on 600 MHz (Figure S2). At pD
199 0.9 the signals of phosphate (∼0 ppm) and another spieces at
200 −12.39 ppm are clearly seen.
201 The simultaneous existence of both CeIVPW11 and
202 CeIV(PW11)2 at pD 0.9 was further supported by recording
203
31P DOSY spectra of 6.0 mM CeIV(PW11)2 solution after pD
f2 204 adjustment (Figure 2). Figure 2 shows that there are two
205 species present with diﬀerent diﬀusion coeﬃcients. The faster-
206 diﬀusing species (δ = −12.97 ppm)24a with a higher diﬀusion
207 coeﬃcient of 2.49 × 10−10 m2 s−1 was assigned as CeIVPW11,
208 while the second species exhibiting NMR resonance at δ =
209 −13.40 ppm and a diﬀusion coeﬃcient of 1.99× 10−10 m2 s−1
210 was assigned as CeIV(PW11)2.
211 With the aim to compare the diﬀusion coeﬃcients of
212 CeIV(PW11)2 at diﬀerent pD values,
31P DOSY NMR spectra of
213 6.0 mM CeIV(PW11)2 at pD 6.4 and 8.4 were also recorded, and
214 the results are shown in Figure S3 in the Supporting
215 Information. From Figure S3 it can be seen that the diﬀusion
216coeﬃcient of CeIV(PW11)2 at these two pD values is the same
217and has a value of 1.80 × 10−10 m2 s−1, which is lower than that
218at pD 0.9. The 1H DOSY spectra of water molecules in these
219samples (pD 0.9, 6.4, and 8.4) were also recorded, and the
220results showed that there was no change in the diﬀusion
221coeﬃcients (14.5 × 10−10 m2 s−1) of the water molecules,
222suggesting that the viscosity of the samples under these
223conditions was the same. Therefore, the diﬀerence in the
224diﬀusion coeﬃcients of CeIV(PW11)2 at pD 0.9 in comparison
225with that at pD 6.4 and 8.4 may be explained by the fact that at
226very low pD value, CeIV(PW11)2 is in equilibrium with a small
227amount of CeIVPW11, resulting in its overall higher diﬀusion
228coeﬃcient.
229An additional experiment showed that at high pH values (pD
2309.4) and 50 °C, after one week there was no conversion of
231CeIV(PW11)2 into Ce
III(PW11)2 POM; however, after two weeks
2327.5% of CeIV(PW11)2 was converted into Ce
III(PW11)2 (δ =
233−17.91 ppm, 25% H3PO4),
22a,23 which is presumed to be
234hydrolytically less active, due to the weaker Lewis acidity of
235Ce(III) ion (Figure S4). At lower pD values (pD 6.4 and 8.4),
236there was no conversion from CeIV(PW11)2 into Ce
III(PW11)2
237after two weeks at 50 °C, and therefore, pD of 6.4 was chosen
238for further studies.
Scheme 1. Equilibrium between the 1:2 and 1:1 Ce(IV)-Substituted Keggin-type Polyoxometalates
Figure 2. 31P DOSY spectrum of 6.0 mM CeIV(PW11)2 1:2 at pD 0.9.
The spectrum was recorded immediately after pD adjustment, no
heating.
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239 By measuring 31P NMR spectra of a CeIV(PW11)2 solution
240 with diﬀerent concentrations (from 0.5 to 10.0 mM) at pD 6.4,
241 the inﬂuence of concentration on speciation was investigated.
242 Figure S5 shows that when the concentration of CeIV(PW11)2
243 increases from 0.5 to 4.0 mM, only one peak at −13.24 ppm
244 was observed. Therefore, it can be concluded that in this
245 concentration range only the 1:2 species is present in solution.
246 In the concentration range from 6.0 to 10.0 mM, besides a peak
247 at −13.24 ppm, a very weak peak of monolacunary [α-
248 PW11O39]
7− (δ −10.6 ppm)28 was observed.
249 To evaluate the eﬀect of temperature on the species
250 distribution, a 1.0 mM sample at pD 6.4 was kept at a certain
251 temperature for a week, and 31P NMR spectra were recorded.
252 From Figure S6, it can be seen that only the 1:2 species was
253 present in solution when the temperature increased from 37 to
254 80 °C. This indicates that the 1:2 complex is stable within this
255 temperature range. The eﬀect of temperature on the species
256 distribution was also examined at pD 0.9, where the intensity of
257 the 1:1 complex is prominent. The spectra in Figure S7 show
258 that when the temperature was increased from 37 to 80 °C,
259 both 1:1 and 1:2 species are present in the sample. The
260 prolonged incubation at high temperature promoted con-
261version of 1:2 into 1:1 species. After the species were mixed, the
262percentages of the 1:1 and 1:2 species were 38.5% and 61.5%,
263respectively; however, after 1 h at 80 °C both species were
264present in a 50:50 ratio (Table S1). The ionic strength did not
265have an inﬂuence on the speciation behavior of CeIV(PW11)2, as
266the addition of up to 2.0 M concentration of LiCl did not result
267in any change in the 31P NMR spectra.
268The overall analysis of the data on speciation studies
269performed by 31P NMR spectroscopy indicates that 1:2 is stable
270under a wide range of pH, concentration, and temperature
271conditions, while at pD values below 3.4 there is an equilibrium
272between the 1:2 and 1:1 species.
273Hydrolysis of 4-Nitrophenylphosphate by Lantha-
274nide-Substituted Polyoxometalates. The hydrolysis of
275 s2NPP in the presence of CeIV(PW11)2 (Scheme 2) was studied
276by means of 1H NMR spectroscopy. An overview of the 1H
277NMR spectra of NPP hydrolysis in the presence of
278 f3CeIV(PW11)2 at diﬀerent reaction times is shown in Figure 3.
279The hydrolysis of the P−O bond can be easily followed by
280the disappearance of the aromatic resonances of NPP at 8.24
281and 7.33 ppm and the appearance of the aromatic NP
282 f4resonances at 8.19 and 6.96 ppm. The signal of H2PO4
−
Scheme 2. Hydrolysis of 4-Nitrophenylphosphate in the Presence of CeIV(PW11)2
Figure 3. 1H NMR of the hydrolysis reaction between 1.0 mM of NPP in the presence of 1.0 mM of CeIV(PW11)2 at diﬀerent time intervals at pD
6.4 and 50 °C.
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f4 283 appears in 31P spectra after 2 h (Figure 4), suggesting that the
284 hydrolysis of P−O bond of NPP occurs.
285 To obtain the observed rate constant (kobs) and half-life, the
286 percentage of NPP at diﬀerent time increments (Table S2) was
287 calculated based on its 1H NMR integration values. The
288 percentages of NPP and NP as a function of reaction time are
289 shown (Figure S8), and the natural logarithm of the
290 concentration of NPP as a function of time (Figure S9) was
291 ﬁtted to a ﬁrst-order linear decay function. At pD 6.4 and 50 °C
292 in the presence of 1.0 mM CeIV(PW11)2 an observed rate
293 constant of (5.31 ± 0.06) × 10−6 s−1 was calculated,
294 representing nearly an order of magnitude acceleration as
295 compared to the rate of spontaneous NPP hydrolysis.
296 Hydrolysis of 1.0 mM of NPP was also followed in the
297 presence of 1.0 mM of CeIII(PW11)2 (Figure S10) and 1.0 mM
298 of EuPW11 (Figure S11) by applying the same method, and the
299 obtained rate constants had values kobs (1.12 ± 0.06) × 10
−6 s−1
300 and (1.07 ± 0.06) × 10−6 s−1, respectively. Both CeIII(PW11)2
301 and EuPW11 exhibited low reactivity toward NPP hydrolysis,
302 which is not unusual considering their lower Lewis acid
303 strength compared to Ce(IV), which has smaller radius and
304 higher positive charge.11a The reaction between the Ce(IV) salt
305 (NH4)4Ce(SO4)4·4H2O and NPP was also examined in control
306 experiments at pD 6.4 and 50 °C. In the presence of this
307 Ce(IV) salt, the formation of insoluble gels29 was observed,
308 making a detailed kinetics analysis impossible. Under the same
309 conditions, the reaction between NPP and the monolacunary
310 Keggin POM ([α-PW11O39]
7−) as well as trilacunary Keggin
311 POM ([A-α-PW9O34]
9−) did not result in observable NPP
312cleavage, suggesting that the presence of Ce(IV) was essential
313for the catalytic activity of the POM.
314The hydrolysis of 1.0 mM BNPP in the presence of 1.0 mM
315CeIV(PW11)2 was also observed under the same reaction
316conditions (pD 6.4 and 50 °C). However, this reaction is very
317slow to follow (30% of BNPP was hydrolyzed after nine
318weeks). Previous study showed that in the presence of 1.0 mM
319of (Et2NH2)8[{α-PW11O39Zr(μ-OH)(H2O)}2]·7H2O (ZrK
3202:2), 1.0 mM BNPP hydrolysis at pD 6.4 and 60 °C proceeded
321with 320-fold rate enhancement in comparison to the
322spontaneous hydrolysis of BNPP.8b This rate enhancement is
323much higher than that of NPP hydrolysis in the presence of
324CeIV(PW11)2 in the current study. The comparison of the
325hydrolytic activity of two these POMs is indirect, since diﬀerent
326substrates were used. However, from these results CeIV(PW11)2
327was proposed to be less active than ZrK 2:2. The lower
328hydrolytic activity of CeIV(PW11)2 in comparison to ZrK 2:2
329can be explained by either DFT calculation or Lewis acid
330strength of metal center of POMs. DFT calculations
331demonstrated that ZrK 2:2→2 ZrK 1:1 is endergonic by 3.4
332kcal mol−1, and ZrK 1:1 is responsible for BNPP hydrolysis.8c
333In contrast, the splitting of CeIV(PW11)2 into active species
334CeIVPW11 needed more energy (28 kcal mol
−1) as shown below
335in the DFT calculation part. The lower hydrolytic activity of
336CeIVPW11 in comparison to ZrK 1:1 can be explained by
337expected lower Lewis acid strength of Ce(IV) than Zr(IV),
338since both metal ions have the same charge, but the radius of
339Zr(IV) (0.84 Å)30 is smaller than that of Ce(IV) (0.97 Å).30
340Kinetics and Thermodynamic Parameters for the 4-
341Nitrophenylphosphate Hydrolysis by CeIV(PW11)2. Since
Figure 4. 31P NMR of the hydrolysis reaction between 1.0 mM of NPP in the presence of 1.0 mM of CeIV(PW11)2 at diﬀerent time intervals at pD
6.4 and 50 °C.
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342 pD plays an important role in the formation of diﬀerent
343 protonation states of NPP and its coordination to the POM,
344 the eﬀect of pD on the hydrolysis rate of NPP in the presence
345 of CeIV(PW11)2 was examined in the pD range from 3.4 to 9.4
f5 346 (Figure 5 and Table S3). The rates for the spontaneous
347 hydrolysis of NPP were also measured in this pH range, and the
348 rate constants reported in Figure 5 were corrected for these
349 values.
350 The pD dependence of Δkobs exhibits a bell-shaped proﬁle,
351 with fastest cleavage observed at pD 6.4. The data points were
352 ﬁtted to a Michaelis function (Equation 1), describing a bell-
353 shaped dependence of the rate constant on pD.31
= + +k k/(1 h/K K /h)obs 1 2354 (1)
355 In this equation, kobs is the measured kinetic rate constant, k
356 is the pH-independent turnover number, and (1 + h/K1 + K2/
357 h) is known as the Michaelis pH function in which h = 1 ×
358 10−pD represents the hydrogen-ion activity, while K1 and K2 are
359 ionization constants associated with the enzyme, substrate(s),
360 or other species in the reaction mixture.32 The values of k =
361 4.34 × 10−6 s−1, pK1 = 3.11, and pK2 = 9.4 were obtained by
362 ﬁtting the data points to Equation 1. The pK1 value likely
363 originates from the pKa of NPP, which decreases upon metal
364 binding.32 Since the pKa value of the water molecule that is
365 bound to Ce(IV) is 1.1,19a this pKa cannot contribute to pK2
366 from the pD proﬁle. The pK2 value is most likely related to the
367 pKa of the phosphate,
33 which is one of the reaction products,
368 that can also coordinate to Ce(IV) ion.
369 The speciation studies have shown that in the range of pD
370 values from 3.4 to 9.4, CeIV(PW11)2 exists as a 1:2 species, and
371 therefore the observed pH dependence is due to the changes in
372 the protonation state of NPP34 and the intrinsic mechanism of
373 metal-promoted phosphoester hydrolysis. Having a pKa of
374 5.2,35 in the acidic solutions NPP is protonated and exists
375 mostly as a monoanion (C6H5NO6P
−). The low pH therefore
376 hinders eﬀective coordination of NPP to Ce(IV) on the one
377 hand, and on the other hand it results in protonation of water
378 molecules, lowering their nucleophilic character. The mildly
379 alkaline solutions are favorable for both the eﬀective
380 coordination of the substrate to Ce(IV) and the deprotonation
381 of water molecules, which are the eﬀective nucleophile in the
382 hydrolytic reaction. The drop of Δkobs in highly alkaline
383solutions is most likely due to the formation of hydrolytically
384inactive species and has been previously observed.8b In
385addition, in highly alkaline conditions, partial conversion of
386CeIV(PW11)2 into kinetically inactive Ce
III(PW11)2 can also
387occur (vide supra), which also results in slower NPP hydrolysis.
388To investigate the binding between the substrate and
389CeIV(PW11)2, the hydrolysis rate constant was determined for
390reaction mixtures containing 1.0 mM of NPP and increasing
391amounts of CeIV(PW11)2 at pD 6.4. The values are listed in
392Table S4 and the general catalytic scheme for the hydrolysis of
393 s3NPP in the presence of CeIV(PW11)2 is shown in Scheme 3.
394Scheme 3 was proposed based on the DFT calculation results
395that will be described in the following section. Although the
396DFT results suggest that the most stable complex involves two
397NPP ligands coordinated to CeIV in a monodentate fashion, it is
398unlikely that the hydrolysis of two NPP molecules occurs
399simultaneously. Therefore, one NPP molecule is proposed to
400be hydrolyzed at the time, and the rate-limiting step is most
401likely the hydrolysis of phosphoester bond, described with kc in
402Scheme 3. More details are given in section Proposed
403Mechanism for the Hydrolysis of 4-Nitrophenylphosphate. By
404plotting the rate constants as a function of the concentration of
405 f6CeIV(PW11)2 (Figure 6) and ﬁtting the data to Equation 2, the
406binding constant (Kf = k1/k−1 = 127 M
−1) and the catalytic rate
407constant (kc= 19.43 × 10
−5 s−1) were obtained.
=
+−
k
k
k k
[Ce PW ]
/ [Ce PW ]obs
c
IV
11 0
1 1
IV
11 0 408(2)
409where [CeIVPW11]0 is the concentration of Ce
IVPW11.
Figure 5. pD dependence of Δkobs (the diﬀerence in kobs for the
hydrolysis of 1.0 mM of NPP in the presence and in the absence of 1.0
mM of CeIV(PW11)2 at 50 °C).
Scheme 3. General Catalytic Scheme for 4-
Nitrophenylphosphate Hydrolysis by CeIV(PW11)2
Figure 6. Inﬂuence of the concentration of CeIV(PW11)2 on the
observed rate constant for the hydrolysis of 1.0 mM of NPP at pD 6.4
and 50 °C.
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410 The data shown in Figure 6 indicate that 1 equiv of the POM
411 can hydrolyze an excess of NPP. When 1.0 mM NPP and 0.1
412 mM of CeIV(PW11)2 was used, the completion of NPP
413 hydrolysis was still observed. This observation suggests that 1
414 equiv of CeIV(PW11)2 hydrolyzes at least 10 equiv of NPP,
415 demonstrating the catalytic function of the CeIV(PW11)2. The
416 recyclability of CeIV(PW11)2 was examined by adding an extra
417 amount (1.0 mM) of NPP to a fully hydrolyzed mixture of 1.0
418 mM NPP and 1.0 mM CeIV(PW11)2 and adjusting the pD value
419 of the reaction mixture to 6.4. The catalyst proved to be active
420 after each cycle, and only slight decrease in the catalytic activity
421 of 17% (Table S5) could be observed after the third cycle. The
422
31P NMR spectra recorded after each completed reaction did
423 not show any new signals as well as no change in the chemical
424 shift of CeIV(PW11)2, demonstrating the stability of
425 CeIV(PW11)2 in solution. Assuming that the decrease in the
426 catalytic activity of CeIV(PW11)2 is a linear ﬁt as a function of
427 reaction time, CeIV(PW11)2 can be reused nearly 20 times.
428 As CeIV(PW11)2 and NPP are both negatively charged
429 species, the addition of salt to reaction mixture can aﬀect the
430 reaction rate. The inﬂuence of ionic strength on the reaction
431 rate constant for NPP phosphoester bond hydrolysis was
432 determined by adding LiCl to a mixture containing 1.0 mM of
433 NPP and 1.0 mM of CeIV(PW11)2. While LiCl did not inﬂuence
434 the POM species distribution (vide supra) an increase of the
435 rate constant was observed when the amount of LiCl was
436 increased (Figure S12). Since the interaction between NPP and
437 CeIV(PW11)2 involves the repulsion between two negatively
438 charged species (C6H5NO6P
− or C6H4NO6P
2− and
439 [CeIV(PW11O39)2]
10−), the presence of salt plays an important
440 role in shielding the charges of both negatively charged species
441 and in diminishing the electrostatic repulsion between them.
442 The eﬀect of temperature on the hydrolysis reaction rate was
443 examined on a solution containing equimolar amounts of NPP
444 and CeIV(PW11)2 (1.0 mM) at pD 6.4 in the temperature range
445 from 37 to 80 °C (Table S6). At higher temperatures increased
446 reaction rates have been observed. The activation energy was
447 calculated by the Arrhenius Equation 3.
= −k A E
R T
ln ln
1
obs
a
448 (3)
449 In this equation, Ea represents the activation energy, R is the
450 gas constant, and T is the temperature. Linear ﬁtting of ln(kobs)
451 as a function of 1/T (Figure S13a) results in an experimental
452 activation energy (Ea) of 73.98 ± 1.05 kJ/mol.
453 The eﬀect of temperature on a 1.0 mM of blank NPP
454 solution at the same pD value in the temperature range from 50
455 to 80 °C was also followed and calculated using the similar
456 method, resulting in an experimental activation energy (Ea) of
457 135.97 ± 1.87 kJ/mol. Obviously, in the presence of
458 CeIV(PW11)2, the activation energy of NPP hydrolysis
459 signiﬁcantly decreases.
460 The Eyring Equation 4 gives information on the activation
461 enthalpy (ΔH‡) and entropy (ΔS‡) of the hydrolysis reaction.
= −Δ + + −Δ
‡ ‡k
T
H
R T
k
h
S
R
ln
1
lnobs b
462 (4)
463 In this equation, R represents the gas constant, kb = 1.38 ×
464 10−23 J/K is the Boltzmann constant, and h = 6.626 × 10−34 J/s
465 is the Planck constant. Linear ﬁtting of ln(kobs/T) as a function
466 of 1/T (Figure S13b) allows the calculation of the enthalpy of
467 activation ΔH‡ = 71.14 kJ/mol and the entropy of activation
468ΔS‡ = −121.52 J/(mol K). The negative entropy of activation
469value is the result of the coordination of NPP to CeIV(PW11)2.
470The Gibbs activation energy ΔG‡ was calculated to be 110.39
471kJ/mol at 50 °C. Despite the close correspondence in ΔH‡ and
472ΔG‡ compared to the values previously reported for
473phosphoester bond hydrolysis catalyzed by the Zr(IV)-
474substituted Wells−Dawson POM ([Zr(α2-P2W17O61)2]16−
475(ΔG‡ = 97.89 kJ mol−1, ΔH‡ = 74.54 kJ mol−1)8a a more
476negative ΔG‡ value was observed for CeIV(PW11)2. The much
477larger negative ΔS‡ value could be due to the combination of
478many factors, including the lower negative charge of
479[CeIV(PW11O39)2]
10− in comparison to that of [Zr(α2-
480P2W17O61)2]
16−, larger radius of Ce(IV) (0.97 Å)30 in
481comparison to that of Zr(IV) (0.84 Å),30 and higher available
482coordination number of Ce(IV) (up to 12) in comparison to
483that of Zr(IV) (7).36 These factors could facilitate binding of
484CeIV(PW11)2 with the NPP substrate, leading to a more stable
485[NPP···CeIV(PW11)2] transition state. However, the activation
486entropy is known as a parameter that is inﬂuenced by many
487factors such as change in solvation, molecularity, and
488conformation that cannot be rationalized or predicted.
489Therefore, it is diﬃcult to conclude that the changes in
490activation entropy indicate changes in the reaction mechanism
491or changes in the binding of the phosphoester to metal
492complexes.14a,37
493Investigation of the 4-Nitrophenylphosphate Binding
494to CeIV(PW11)2 by Means of
31P Nuclear Magnetic
495Resonance and Density Functional Theory Calculations.
496The interaction between NPP and CeIV(PW11)2 was studied by
497
31P NMR at pD 3.4 and 6.4. At pD 3.4 (Figure S14), a solution
498containing 2.0 mM of NPP displays a 31P resonance signal at
499−4.67 ppm (half-width 5.28 Hz), while a solution containing
5002.0 mM of CeIV(PW11)2 is characterized by a peak at −13.24
501ppm. When a 31P spectrum of a mixture of 2.0 mM of NPP and
5022.0 mM of CeIV(PW11)2 at pD 3.4 was recorded, two signals
503were observed at −13.24 and −4.70 ppm (half-width 9.12 Hz).
504The peak of NPP was slightly shifted by 0.03 ppm, and the half-
505width was broadened by 3.84 Hz (Figure S15). This
506phenomenon may result from the fast exchange between the
507free NPP and the bound NPP. Both the small change in
508chemical shift and the line-broadening indicate that interaction
509between NPP and CeIV(PW11)2 takes place.
31P spectra of the
510reaction mixture with and without reference compound were
511measured after 1 d at 50 °C. The signal at −4.70 ppm
512disappeared, and a new peak at 0.15 ppm appeared. This peak
513can be assigned to free phosphate (P), the reaction product of
514the NPP hydrolysis (Scheme 2).
515At pD 6.4, CeIV(PW11)2 has a chemical shift at −13.29 ppm,
516while the peak of NPP was observed at −1.33 ppm. In the
517presence of 2.0 mM of CeIV(PW11)2 the peak of NPP shifted by
5180.31 ppm and did not experience line-broadening (Figure S16).
519This shift conﬁrmed that there is an interaction between NPP
520and CeIV(PW11)2.
521To obtain additional insights into the substrate−catalyst
522interactions and to identify the nature of the hydrolytically
523active species diﬀerent NPP-POM complexes were modeled,
524and their aqueous phase stabilities were estimated by means of
525DFT theory and continuum solvent models including integral
526equation formalism polarizable continuum model (IEFPCM)
527and conductor-like polarizable continuum model (CPCM).
528First, the ability of the CeIV ion of [CeIV(PW11)2]
10− to bind a
529phosphate oxygen of NPP, thereby activating the phosphate P
530atom toward nucleophilic attack, was checked assuming
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531 monodentate and bidentate NPP coordination. The optimized
532 structure of the monodentate complex [CeIV(PW11)2(NPP-
f7 533 κO)]12− is shown in Figure 7. As can be seen, monodentate
534 coordination of NPP to CeIV causes partial displacement of one
535 of the mono-lacunary Keggin ligands (two out of four oxygen
536 donor atoms are detached from CeIV) thus reducing the
537 coordination number of CeIV from eight in [CeIV(PW11)2]
10− to
538 seven in the [CeIV(PW11)2(NPP-κO)]
12− complex. The
539 formation free energy calculated for this complex is 19 kcal
t1 540 mol−1 (see Table 1). Bidentate NPP coordination resulted in a
541 similar complex (not shown in Figure 7) with a free energy of
542 formation higher by 3.4 kcal mol−1 than for the monodentate
543complex. Thus, according to the calculations binding of
544phosphate oxygen(s) of NPP to the CeIV ion of
545[CeIV(PW11)2]
10− is thermodynamically unlikely. Therefore,
546another explanation for the catalytic activity of the POM should
547be sought. As already suggested above, the [CeIVPW11]
3−
548species, which is a dissociation product of the parent POM,
549may possibly be responsible for the observed phosphoester
550hydrolysis. To check this hypothesis we estimated the free
551energy change associated with the reaction [CeIV(PW11)2]
10− +
552nH2O → [Ce
IVPW11(H2O)n]
3− + [PW11]
7−, as well as the free
553energy o f complexa t ion be tween the resu l t an t
554[CeIVPW11(H2O)n]
3− ion and NPP. In the above reaction the
555number of CeIV-bound water molecules (n) was varied from
556one to ﬁve to minimize the reaction energy. The lowest energy
557value (highest [CeIVPW11(H2O)n]
3− stabilization in solution)
558was found when four water ligands were bound to CeIV. The
559DFT-optimized [CeIVPW11(H2O)n]
3− structures and energy
560values can be found in Figure S17 and Table S7 of the
561Supporting Information. In the models with n = 5 one of the
562H2O ligands detaches from Ce
IVduring the optimization to
563form hydrogen bonds with a bridging Ce−O−W oxygen and
564the neighboring water ligands. Therefore, complexes with more
565than ﬁve water ligands have not been modeled. When using the
566energy of the [CeIVPW11(H2O)4]
3− species the calculated free
567energy of [CeIV(PW11)2]
10− splitting is rather high, 28 kcal
568mol−1, (Table S7) which may explain the lack of 31P NMR
569signals assigned to the [CeIVPW11]
3− product at near neutral
570pD. However, the addition of NPP might inﬂuence this
571equilibrium through formation of stable complexes with the
572monomeric species, thus compensating the energy loss
573associated with [CeIV(PW11)2]
10− splitting. Therefore, a variety
574of [CeIVPW11]
3− complexes involving NPP and H2O ligands
575were modeled, and the net free energy change was estimated
576using the reaction
+ +
→ +
− −
+ − −
n m[Ce (PW ) ] H O NPP
[Ce PW (H O) (NPP) ] [PW ]n m
m
IV
11 2
10
2
2
IV
11 2
(3 2 )
11
7
577The NPP coordination mode and the number of ligands
578(both NPP and H2O) were altered to ﬁnd the most stable
579species. The optimized molecular structures of the diﬀerent
580[CeIVPW11(H2O)n(NPP)m]
(3+2m)− complexes are given in
581Figure 7, and the reaction free energies are collected in Table
582S7. In contrast to the parent POM, coordination of one NPP
583molecule to the monomeric species was found to be
Figure 7. DFT-optimized complexes of [CeIV(PW11)2]
10− and
[CeIVPW11]
3− with NPP.
Table 1. Free Energy of Complex Formationa (kcal mol−1)
Calculated at the B3LYP/def2-TZVP Level of Theory with
the IEFPCM and CPCM Solvation Models
NPP complex IEFPCM CPCM
[CeIV(PW11)2(NPP-κO)]
12− 18.6 18.9
[CeIVPW11(NPP-κO)]
5− 11.4 11.6
[CeIVPW11(H2O) (NPP-κO)]
5− 0.9 1.2
[CeIVPW11(H2O)2(NPP-κO)]
5− 1.1 1.4
[CeIVPW11(H2O)3(NPP-κO)]
5− −0.6 −0.2
[CeIVPW11(NPP-κ
2O,O′)]5− 3.0 3.4
[CeIVPW11(H2O) (NPP-κ
2O,O′)]5− 5.8 6.1
[CeIVPW11(H2O)2(NPP-κ
2O,O′)]5− 5.5 5.9
[CeIVPW11(H2O)2(NPP-κO)2]
7− −13.2 −13.1
aCalculated using the reactions [CeIV(PW11)2]
10− + NPP2− →
[CeIV(PW11)2(NPP-κO)]
12− and [CeIV(PW11)2]
10− + nH2O +
mNPP2− → [CeIVPW11(H2O)n(NPP)m]
(3+2m)− + [PW11]
7−.
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584 thermodynamically favorable, with a free energy of complex-
585 ation ranging from −16 to −28 kcal mol−1 (depending on the
586 NPP/H2O ratio and the NPP binding mode). With exception
587 of [CeIVPW11(NPP-κO)]
5− monodentate substrate binding is
588 preferred over bidentate binding by 2−6 kcal mol−1. Similar
589 results were previously reported for the ZrIV analogue of
590 [CeIVPW11]
3−.8c The most stable monodentate complex,
591 [CeIVPW11(H2O)3(NPP-κO)]
5−, involves three H2O ligands
592 in addition to NPP, while in the bidentate complexes the
593 addition of water ligands slightly decreases the computed
594 stabilities. However, taking into account the free energy of
595 [Ce I V (PW1 1 ) 2 ]
1 0− s p l i t t i n g , t h e f o rma t i on o f
596 [CeIVPW11(H2O)3(NPP-κO)]
5− species was calculated at the
597 limit of reaction spontaneity (ΔGaq ≈ 0 kcal mol−1). To assess
598 the energy change upon coordination of a second NPP ligand
599 the lowest-energy monodentate complex was used for further
600 modeling. The replacement of one CeIV-bound water in
601 [CeIVPW11(H2O)3(NPP-κO)]
5− by a NPP molecule resulted
602 in a [CeIVPW11(H2O)2(NPP-κO)2]
7− complex, shown in
603 Figure 7. The energy gain upon such substitution is estimated
604 at ∼13 kcal mol−1, lowering the net reaction free energy from 0
605 to −13 kcal mol−1. Thus, the calculations predict that formation
606 of [CeIVPW11]
3− complex(es) with two NPP ligands may take
607 place in the reaction mixture.This in turn could explain the
608 increased rate of phosphoester bond hydrolysis in the presence
609 of POM as compared to the uncatalyzed reaction.
610 Investigation of the Interaction between 4-Nitro-
611 phenylphosphate and EuPW11 by Luminescence Spec-
612 troscopy. Emission spectroscopy is an excellent tool to study
613 coordination environment around Eu(III) in metal complexes.
614 The structure of EuPW11 is analogous to 1:1 Ce(IV); however,
615 as EuPW11 has been shown to be virtually inactive toward the
616hydrolysis of NPP, it can be used as a structural model to study
617the interaction between substrates and POMs by luminescence
618spectroscopy. The number of coordinated water molecules in
619EuPW11 can be determined by measuring lifetimes of Eu(III)
620luminescence decay in H2O and D2O solutions.
38 The
621measurements performed on 100 μM concentration of
622EuPW11 at pD 6.4 indicated presence of 4 water molecules in
623the ﬁrst coordination sphere of Eu(III), consistent with its
624structure in the solid state.23b
625Emission spectrum of EuPW11 exhibits three main bands at
626593, 619, and 700 nm, which can be attributed to 5D0 →
7F1,
627
5D0 →
7F2 and
5D0 →
7F4 transitions, respectively. Gradual
628addition of NPP to EuPW11 solution resulted in a signiﬁcant
629decrease in the luminescence intensity of all three main
630 f8transitions (Figure 8). These ﬁndings could indicate formation
631of EuPW11//NPP complex, which is characterized with much
632lower emission intensity, resulting in the decrease of overall
633luminescence intensity. However, it is also plausible that the
634major excitation seems to occur at free NPP rather than at the
635POM/NPP complex, as 5D0 →
7FJ transition does not exhibit
636signiﬁcant change upon addition of EuPW11. The NPP ligand
637shows a strong absorbance maximum at 310 nm, which is very
638close to the excitation wavelength of 291 nm; thus, most of the
639excitation light is likely to be absorbed by the ligand itself,
640leading to ineﬀective sensitization of Eu(III) ion in the
641EuPW11/NPP complex. Unfortunately the photoluminescent
642experiments with Eu(PW11)2/NPP system, which could help
643test this hypothesis, could not be performed, as our previous
644work has shown under low concentrations used in photo-
645luminescent measurements the Eu(PW11)2 fully dissociates into
646its monomeric Eu(PW11)2 form.
39
Figure 8. Steady-state emission spectra for the Eu(III)-substituted Keggin POM (EuPW11; 100 μM) upon increasing concentration of NPP (10−
100 μM) in aqueous solution at pD 6.4. (inset) The relative intensity decrease is depicted for the three main emission transitions: 5D0 →
7F1 (593
nm, black ■), 5D0 →
7F2 (619 nm, red ●), and
5D0 →
7F4 (700 nm, green ▲).
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647 The formation of EuPW11/NPP complex was however
648 evidenced by 31P NMR spectroscopy, which indicated that
649 addition of excess of NPP to a solution of EuPW11 resulted in
650 the large shift (Δδ = 1.01 ppm) of 31P NMR resonance in
651 EuPW11 (Figure S18). Although these experiments do indicate
652 that interaction between NPP and the monomeric EuPW11
653 occurs in solution, the low luminescence of the EuPW11/NPP
654 adduct prevents detailed analysis of the Eu(III) local environ-
655 ment in this complex.
656 Proposed Mechanism for the Hydrolysis of 4-Nitro-
657 phenylphosphate. Both Eu(III) luminescence and 31P NMR
658 spectroscopy data evidence the interaction between the NPP
659 phosphate group and the lanthanide-substituted POMs in the
660 reaction mixture. The CeIV ion in the parent catalyst
661 CeIV(PW11)2 is, however, hardly accessible by the substrate
662 molecule, as it is sandwiched between the two bulky Keggin
663 ligands. Theoretical calculations showed that the formation of
664 an NPP complex with CeIV(PW11)2 is thermodynamically
665 unlikely. In contrast, the substrate molecule prefers to bind to
666 the less sterically hindered monomeric species CeIVPW11.The
667 most stable complex involves two NPP ligands coordinated to
668 CeIV in a monodentate fashion. Calculations show that the free
669 energy gain associated with the formation of this complex is
670 high enough to compensate for the free energy loss due to the
671 splitting of CeIV(PW11)2 to Ce
IVPW11 and a monolacunary
672 Keggin anion. On the basis of both experimental and
673 theoretical ﬁndings a general model for the catalyzed hydrolysis
s4 674 of NPP is proposed; see Scheme 4. We consider the
675 [CeIVPW11(H2O)2(NPP-κO)2]
7− complex to be the most
676 probable hydrolytically active species. Coordination of an
677 NPP phosphate oxygen atom to the CeIVcenter of CeIVPW11 is
678 expected to increase the positive charge at the phosphate P
679 atom8c thus enhancing its susceptibility toward nucleophilic
680 attack.40A previous study on ZrIVPW11 has shown that
681 coordination of NPP2− to ZrIV dramatically increases the pKa
682 value of the ZrIV-bound water molecule.8c Therefore, the
683 presence of a CeIV−OH nucleophile and consequent intra-
684 molecular OH attack on the phosphate P atom are not
685 expected. Moreover, phosphoester bond hydrolysis catalyzed by
686 CeIV complexes involving CeIV−OH group(s) is much faster
687 (by ∼3 orders of magnitude) than the hydrolysis rate observed
688here.41 Because metal-bound water molecules are weaker
689nucleophiles than uncoordinated water the actual nucleophilic
690attack on the P atom most likely involves a solvent water
691molecule by analogy with the uncatalyzed hydrolysis of NPP.42
692Since alteration of the reaction mechanism upon metal ion
693catalysis appears to be a general phenomenon, the mechanism
694of POM-promoted hydrolysis is most likely diﬀerent from that
695of the uncatalyzed reaction. However, the main catalytic eﬀect
696of the POM may be attributed to the CeIV-induced polarization
697of the substrate P−O bond in the [CeIVPW11(H2O)2(NPP-
698κO)2]
7− complex. Although this species involves two substrate
699molecules only one NPP molecule can be hydrolyzed at a time.
700This hydrolytic step is expected to be the rate-limiting reaction
701step, since the energy requirement for P−O bond cleavage is
702signiﬁcantly higher than that associated with the ligand-
703exchange reactions in Scheme 4. Fast ligand exchange rates,
704typical for Ce(IV),19b implicate small energy barriers. The
705presence of such exchange between the free NPP and the
706bound NPP has already been suggested above based on the 31P
707NMR spectra.
708Hydrolysis of one of the NPP ligands in the active complex
709with liberation of the products, a phosphate anion and NP, may
710result in a less stable [CeIVPW11(H2O)n(NPP-κO)]
5− species
711wi th one NPP l igand (Table 1) , for example ,
712[CeIVPW11(H2O)3(NPP-κO)]
5−, which in turn would favor
713the regeneration of the parent catalyst, CeIV(PW11)2.
714Alternatively, another substrate molecule could bind to
715[CeIVPW11(H2O)3(NPP-κO)]
5− to recover the hydrolytically
716active complex [CeIVPW11(H2O)2(NPP-κO)2]
7−, where one of
717the NPP molecules is again hydrolyzed (as shown in Scheme
7184). To further clarify the molecular mechanism of hydrolysis,
719additional investigations should be performed.
720■ CONCLUSION
721In this article, we report the detailed aqueous speciation study
722of CeIV(PW11)2 POM under wide range of pD, initial POM
723concentration, temperature, and ionic strength. 31P DOSY
724NMR studies showed that at very low pD, CeIV(PW11)2
725partially converts into the monomeric CeIVPW11. Profound
726knowledge about aqueous distribution behavior of CeIV(PW11)2
727facilitated kinetics and thermodynamic studies of the hydrolysis
Scheme 4. Proposed Reaction Mechanism for the Hydrolysis of 4-Nitrophenylphosphate by CeIV(PW11)2
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728 of NPP promoted by this POM. According to the DFT
729 calculations coordination of a phosphate oxygen atom of NPP
730 to the CeIV center of the parent catalyst CeIV(PW11)2 is not
731 likely. Instead, the substrate prefers to form complexes with the
732 monomeric product CeIVPW11, and in the most stable complex,
733 which involves two NPP ligands coordinated to the CeIV center
734 of CeIVPW11 in a monodentate fashion, the formation energy
735 exceeds the energy loss due to CeIV(PW11)2 → Ce
IVPW11 +
736 PW11 dissociation. Thus, it seems evident that the presence of
737 NPP may provoke dissociation of the parent POM, which is
738 otherwise thermodynamically unfavorable, to form a hydrolyti-
739 c a l l y a c t i v e c o m p l e x w i t h t h e m o n o m e r
740 [CeIVPW11(H2O)2(NPP-κO)2]
7−. Such dissociation of dimeric
741 POM was recently conﬁrmed for the ZrIV analogue of
742 CeIV(PW11)2 in the presence of protein by means of single-
743 crystal X-ray structural analysis.43 The mechanism of hydrolysis
744 most likely involves nucleophilic attack by a solvent water
745 molecule on the activated P atom, instead of intramolecular
746 attack by a CeIV−OH function. Our preliminary studies have
747 shown that ZrIV- and CeIV-substituted POMs are also active
748 toward hydrolysis of plasmid DNA, demonstrating that negative
749 charge of the POM does not impede its catalytic activity toward
750 phosphodiester bonds.
751 ■ EXPERIMENTAL SECTION
752 Materials. The lanthanide-substituted Keggin POMs,
753 [Me2NH2]11[Ce
III(PW11O39)2]·14H2O
22a,23 (CeIII(PW11)2),
754 [Me2NH2]10[Ce
IV(PW11O39)2]·14H2O
22a,23 (CeIV(PW11)2), and
755 K4[EuPW11O39]
22b,23b (EuPW11) were prepared as described in the
756 literature. Disodium 4-nitrophenylphosphate (NPP, C6H4NO6PNa2·
757 6H2O), DCl, and NaOD were purchased from Acros.
758 Kinetics Measurements. Solutions containing 1.0 mM of NPP
759 and 1.0 mM of lanthanide-substituted POM were prepared in D2O.
760 The ﬁnal pD of the solution was adjusted with minor amounts of 10%
761 DCl and 15% NaOD solutions in D2O. The pH-meter value was
762 corrected by using the equation pD = pH meter reading +0.41.44 The
763 pD of the samples was measured at the beginning and at the end of
764 hydrolysis, and the diﬀerence typically ranged from 0.5 to 1 unit due to
765 the release of free phosphate as one of the reaction products of the
766 cleavage reaction. The reaction mixture was kept at constant
767 temperature, and 1H NMR spectra were measured at certain time
768 intervals during the hydrolytic reaction to calculate the observed rate
769 constant (kobs) by the integral method.
770 Nuclear Magnetic Resonance Spectroscopy. 1H and 31P NMR
771 spectra were recorded on a Bruker Avance 400 spectrometer. As an
772 internal standard 0.5 mM of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid
773 was present in the reaction solution. Phosphoric acid (25%) was used
774 as a 0 ppm 31P external reference. The DOSY spectra were measured
775 on a Bruker Avance II+ 600 NMR spectrometer using 5 mm direct
776 detection dual broad-band probe, with a gradient coil delivering
777 maximum gradient strength of 53 G/cm. All experiments were
778 performed at a temperature of 293 K. The 31P DOSY spectra were
779 acquired with the Dif f suite integrated in the Topspin 3.2 package by
780 using the double-stimulated echo pulse sequence to compensate for
781 possible convection during the experiments. The spectra were
782 recorded with 32 000 time domain data points in t2 dimension, 32
783 gradient strength increments, diﬀusion delay (Δ) of 100 ms, gradient
784 pulse length (δ) of 4 ms, relaxation delay of 3 s, and 64 transients for
785 each gradient step. The gradient strength was varied from 2 to 70% of
786 the maximum gradient output of the gradient unit (from 0.68 to 23.84
787 G/cm) to ensure complete signal attenuation. The spectra were
788 processed with an exponential window function (line broadening
789 factor 1), 32 000 data points in F2 dimension, and 512 data points in
790 the diﬀusion dimension, using the ﬁtting routine integrated in Topspin
791 3.2 package. The evaluation of the diﬀusion coeﬃcients was performed
792 by ﬁtting the diﬀusion proﬁle (the normalized signal intensity as a
793 function of the gradient strength G) at the chemical shift of each signal
794in the DOSY spectrum with an exponential function using the variant
795of Stejskal−Tanner equation adapted to the particular pulse sequence
796used.
797Luminescence Spectroscopy Studies. Steady-state lumines-
798cence spectra were recorded on an Edinburgh Instruments FS900
799steady-state spectroﬂuorimeter. Quartz cuvettes with 10.0 mm optical
800path length were used. Spectra were recorded with 100 μM EuPW11
801concentration in an unbuﬀered solution at pD 6.4 and at room
802temperature while monitoring the emission at 613 nm. Excitation of
803the sample took place at a wavelength of 291 nm unless stated
804otherwise. The emission slit widths were opened at 0.74 mm
805(resolution of 2.0 nm). The concentration of NPP increased stepwise
806from 0 to 100 μM.
807Time-resolved luminescence spectra were recorded on an
808Edinburgh Instruments FS920 spectroﬂuorimeter. Quartz cuvettes
809with 10.0 mm optical path length were used. Spectra were recorded
810with 100 μM EuPW11 concentration in an unbuﬀered solution at pD
8116.4 and at room temperature. Excitation of the sample took place at a
812wavelength of 291 nm. The emission and excitation slit widths were
813opened at 0.74 mm (resolution of 2.0 nm).
814Density Functional Theory Calculations. All calculations were
815performed with the Gaussian 09 Revision D.01 suite of programs45
816unless otherwise noted. Geometry optimizations and frequency
817calculations were performed with the B3LYP-D346 functional and 6-
81831G (d,p) basis sets. Cerium and tungsten atoms were described by
819means of MWB2847 and LANL2DZ48 eﬀective core potentials
820(ECPs)/basis sets, respectively. The eﬀects of the aqueous solvent
821were included in the geometry optimizations by means of the
822IEFPCM49 continuum solvation model. To reﬁne the electronic
823energies, single-point calculations were performed with the larger def2-
824TZVP basis sets.50 The inner (core) electrons of W atoms were
825replaced with the MWB6051 ECP, while for the Ce atom MWB28
826ECP/basis set was still in use. For these calculations we used the
827B3LYP implementation in the ORCA program package,52 version 3.0
828and Grimme’s atom-pairwise dispersion correction with Becke−
829Johnson damping (D3BJ).46d,53 In addition to the IEFPCM model,
830solvation energies were also computed with the CPCM54 solvation
831model, as in both cases the default UFF atomic radii were applied (at
832the level of theory used for geometry optimization). A standard state
833of 1 mol L−1 was used for all compounds except water molecules, for
834which 55.34 mol L−1 standard state was used instead.55
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